mice contained ϳ50% less elastin and ϳ100% more collagen-1 and lysyl oxidase compared with Eln ϩ/ϩ pups. Eln ϩ/Ϫ lungs contained fewer capillaries than Eln ϩ/ϩ lungs, without discernible differences in alveolar structure. In response to MV, lung tropoelastin and elastase activity increased in Eln ϩ/ϩ neonates, whereas tropoelastin decreased and elastase activity was unchanged in Eln ϩ/Ϫ mice. Fibrillin-1 protein increased in lungs of both groups during MV, more in Eln ϩ/Ϫ than in Eln ϩ/ϩ pups. In both groups, MV caused capillary loss, with larger and fewer alveoli compared with unventilated controls. Respiratory system elastance, which was less in unventilated Eln ϩ/Ϫ compared with Eln ϩ/ϩ mice, was similar in both groups after MV. These results suggest that elastin haploinsufficiency adversely impacts pulmonary angiogenesis and that MV dysregulates elastic fiber integrity, with further loss of lung capillaries, lung growth arrest, and impaired respiratory function in both Eln ϩ/ϩ and Eln ϩ/Ϫ mice. Paucity of lung capillaries in Eln ϩ/Ϫ newborns might help explain subsequent development of pulmonary hypertension previously reported in adult Eln ϩ/Ϫ mice.
lung growth and development; elastic fiber formation; extracellular matrix components; collagen; lysyl oxidase and fibrillins; pulmonary capillaries; lung cell apoptosis ELASTIN PLAYS A PROMINENT role in lung growth and development, providing a formative framework for future alveoli and pulmonary blood vessels. Mutant mice lacking the elastin gene die within a few days of birth from cardiorespiratory failure linked to smooth muscle overgrowth in systemic and pulmonary arteries, incomplete airway branching, and lack of alveolar septation (18, 39) . These developmental defects in elastinnull mice can be attributed to the missing network of elastic fibers within the lung that helps to provide structural integrity and distensibility to the conducting airways while enabling expansion and contraction of alveoli, pulsation of blood vessels, and elastic recoil of the surrounding matrix. Mutant mice lacking one elastin allele (Eln ϩ/Ϫ ) typically survive to adulthood but are more susceptible to injury, in the form of severe emphysema when exposed to cigarette smoke (31) , and impaired epithelial cell proliferation and restricted lung growth after pneumonectomy (13, 32) .
With respect to the pulmonary circulation, elastin hemizygosity in humans and in mice is associated with vascular defects characterized by a compensatory increase in the number of rings of elastic lamellae and smooth muscle during arterial development, leading to prominent arterial thickening and increased risk of obstructive vascular disease (7, 19) . Elastin-deficient mice, compared with wild-type mice, exhibited both systemic and pulmonary hypertension that was ascribed to decreased arterial elastin content and adaptive vascular remodeling during development, with pulmonary arteries that had smaller internal diameters, thinner walls, and increased numbers of elastic lamellae (8, 30, 38) .
Extracellular matrix (ECM) remodeling, resulting in abundant, disordered lung elastin, is a prominent pathological feature of neonatal chronic lung disease, commonly known as bronchopulmonary dysplasia, that typically develops in premature infants and animals treated with lengthy assisted ventilation and increased oxygen (1, 5, 12, 22, 28, 36) . We previously showed that prolonged mechanical ventilation (MV) of newborn mice with either air or 40% oxygen uncouples synthesis and assembly of lung elastin and leads to increased apoptosis, resulting in impaired alveolar formation and lung growth arrest (3, 25) . Because elastin deficiency increases susceptibility to lung injury in adult mice (13, 31) , we surmised that lengthy MV of elastin-deficient neonatal mice would accentuate their lung injury, as assessed by measurement of lung structure and function, when compared with lungs of mechanically ventilated elastin-sufficient mice. To test this hypothesis, 5-day-old wild-type (Eln ϩ/ϩ ) and elastin haploinsufficient (Eln ϩ/Ϫ ) mice received MV with air for up to 24 h; spontaneously breathing littermates served as unventilated controls.
This study had two main objectives: first, to define the lung phenotype linked to elastin haploinsufficiency in neonatal mice, with particular attention to differences in ECM protein composition that may impact growth and development of the lung and its vasculature; and second, to assess lung molecular, structural, and functional responses to injury imposed by pro-longed cyclic stretch in neonatal Eln ϩ/ϩ vs. Eln ϩ/Ϫ mice. Despite notable differences in lung ECM and vascular endothelial proteins of unventilated wild-type vs. mutant pups, these differences did not translate to discernible structural or functional differences in the lungs of Eln ϩ/Ϫ pups when compared with those of Eln ϩ/ϩ pups after lengthy MV.
MATERIALS AND METHODS

Transgenic Mice
Transgenic mice for breeding were provided by Dr. Dean Y. Li (University of Utah, Salt Lake City, UT). To obtain litters of newborn mice for these studies, we mated female C57BL/6J wild-type mice (Eln ϩ/ϩ ) with male C57BL/6J transgenic mice bearing a heterozygous deletion of exon 1 in the elastin gene (Eln ϩ/Ϫ ) that had been backcrossed for more than five generations into the C57BL/6J background (8) . Genotyping was performed on all mouse pups that were used in this study, with confirmation of mutant status by qRT-PCR for tropoelastin mRNA and immunoblot analysis for tropoelastin protein in lung tissue extracts. Eln ϩ/ϩ littermates from the same crosses were used as controls for the Eln ϩ/Ϫ pups in both the baseline (spontaneously breathing air) and intervention (MV with air) components of the study.
Experimental Design
We used full-term 5-to 6-day-old Eln ϩ/ϩ (n ϭ 23, body wt 4.1 Ϯ 0.7 g) and Eln ϩ/Ϫ (n ϭ 20, body wt 4.0 Ϯ 0.6 g) mice that spontaneously breathed air without MV to assess the impact of elastin haploinsufficiency on important molecular and structural features of the lung and its microvasculature. In tandem with these baseline studies, randomly selected 5-to 6-day-old Eln ϩ/ϩ and Eln ϩ/Ϫ littermates received MV with air at 90 breaths/min for 24 h to assess the effects of MV on key molecular and structural features of the lung and its microvasculature in Eln ϩ/ϩ compared with Eln ϩ/Ϫ neonatal mice. Additional 8-h studies were done to assess the effects of MV on lung elastase activity and elastance of the respiratory system in neonatal Eln ϩ/ϩ compared with Eln ϩ/Ϫ neonatal mice. Mice selected for MV underwent a tracheotomy after intramuscular ketamine (ϳ60 g/g body wt) and xylazine (ϳ12 g/g body wt), followed by MV applied with a customized small animal respirator (MicroVent 848; Harvard Apparatus, Holliston, MA). Unventilated control pups were sedated with ketamine and xylazine for sham surgery (superficial neck incision) and then spontaneously breathed room air for the duration of the study. Table 1 shows descriptive data for the Eln ϩ/ϩ and Eln ϩ/Ϫ newborn mice and respiratory data from the 24-h MV studies.
During MV, mice were kept in a neutral thermal environment and fed every 2 h via an orally placed gastric tube, initially with 10% glucose-0.25% saline solution, and later with an elemental amino acid-based infant formula (AA Lipil; Mead-Johnson, Evansville, IN), yielding a daily fluid intake of ϳ100 -120 l/g body wt. A single intramuscular dose of ampicillin (200 g/g body wt) and gentamicin (4 g/g body wt) was given at the start of each study to reduce the risk of infection. Intramuscular injections of ketamine and xylazine (10 and 2 g/g body wt, respectively) were repeated as needed for sedation during MV. Urine was obtained by suprapubic needle aspiration when the bladder became visibly distended, and 24-h urine collections were frozen for later measurement of desmosine and creatinine concentrations. At the end of each study, pups were killed with an intraperitoneal dose of ϳ150 g/g body wt pentobarbital sodium, and the lungs were excised for various studies as described below.
All surgical and animal care procedures and experimental protocols were reviewed and approved by the Stanford University Institutional Animal Care and Use Committee.
Functional Studies of The Respiratory System
To evaluate mechanical properties of the respiratory system in Eln ϩ/ϩ compared with Eln ϩ/Ϫ newborn mice, we used a modification of a previously described method for measuring lung mechanics in small rodents (24) . Each pup had a tracheotomy that was connected to a small animal respirator (MicroVent 848; Harvard Apparatus) that delivered an initial tidal volume of 10 l/g body wt at a frequency of 120 cycles/min, followed by placement in a whole body plethysmograph (model PLY3111; Buxco Electronics, Wilmington, NC). The respiratory flow signal was measured through a flow transducer connected to the plethysmograph. Tidal volume, determined from electrical integration of the flow signal, and airway pressures, measured from a pressure transducer connected to an airway side port, were monitored continuously to assess dynamic compliance and resistance of the respiratory system in real time. As soon as baseline measurements became stable, quasistatic respiratory system mechanics were assessed by stepwise increases in tidal volume from 10 to 45 l/g body wt. For each incremental change in volume, a 60-s period elapsed to allow stabilization, after which measurements were recorded for an additional 30 s. A volume-pressure plot was generated from sequential measurements, and respiratory system compliance was calculated from the slope of the plot. Respiratory system elastance was expressed as the reciprocal of compliance (elastance RS ϭ 1/dynamic complianceRS). Measurements were performed in a set of Eln ϩ/ϩ and Eln ϩ/Ϫ pups for comparison at baseline (no prior MV) and in another set of Eln ϩ/ϩ and Eln ϩ/Ϫ pups immediately after 8 h of MV.
Postmortem Processing of Lungs for Quantitative Histology
The lungs were fixed intratracheally with 4% buffered paraformaldehyde overnight at 20 cmH2O, as described previously (4) . On the day following initial fixation, the lungs were excised and their volumes were measured by fluid displacement (29) , after which they were embedded in paraffin for isotropic uniform random sectioning, as previously described (25) . Alveolar area was measured in randomly selected hematoxylin-and eosin-stained 4-m sections using the Bioquant image analysis system (R&M Biometrics, Nashville, TN), and radial alveolar counts provided an index of alveolar number (6) . Dual assessment of alveolar area and radial alveolar counts serves as a surrogate to judge the impact of MV in yielding lung growth arrest.
Elastin and Collagen-1 Distribution in Lung Parenchyma
The relative amount and distribution of insoluble elastin in lung was assessed by quantitative image analysis of Hart's-stained tissue sections using the Bioquant True Color Windows Image Analysis system (R&M Biometrics), as previously described (3). Localization and semiquantitative assessment of collagen-1 in distal lung was done by immunohistochemical staining of 4-m-thick lung tissue sections. Antigen retrieval with citrate buffer was performed for 20 min at 95°C, followed by quenching of endogenous peroxidase activity using 0.3% H 2O2 for 20 min. Sections were incubated overnight at 4°C with the primary antibody (polyclonal rabbit anti-mouse collagen-1, catalog no. 21286; Abcam, Cambridge, MA) at 1:1,000 dilution. Immune complexes were detected with an anti-rabbit avidin/biotin-3,3=-diaminobenzidine (DAB) detection system (no. PK6101, Vectastain ABC Kit; Vector Laboratories) and liquid DAB ϩ substrate chromagen system (no. K3467; Dako). Slides were counterstained with hematoxylin (no. H-3404; Vector Laboratories). Quantitative image analysis of stained/total lung parenchyma was performed using the Bioquant imaging system applied to ten ϫ400 fields in random tissue sections for each set of lungs. In addition, vesselassociated collagen-1 was assessed by determining the ratio of stained/total arterial wall area of arteries Ͼ100 m in the random tissue sections.
The distribution and intensity of elastin deposition in sprouting secondary septa were further evaluated by immunofluorescence using confocal scanning microscopy. For these studies, terminal lung fixation included perfusion of the pulmonary circulation with ice-cold PBS injected through the right ventricle, followed by fixation with 10% formalin (Thermo Scientific, Waltham, MA) via the vasculature and trachea, which was ligated for overnight fixation. Tissue sections from 5-day-old Eln ϩ/ϩ and Eln ϩ/Ϫ mice were deparaffinized, rehydrated, and boiled in EDTA (0.25 mM) for epitope retrieval. Sections were treated with hydrogen peroxide to block endogenous peroxidase and then washed with PBS and immersed in 5% bovine serum albumin, followed by overnight incubation at 4°C with the primary elastin antibody (sc17580, 1:500; Santa Cruz). On the next day, sections were washed in PBS three times and incubated with AlexaFluor-488-tagged secondary antibody (no. A11055; Life Technologies, Carlsbad, CA) for 1 h at room temperature. Sections were mounted with Vectashield mounting media (Vector Laboratories) and viewed with an Olympus IX81 microscope using a FV1000 confocal scanning system to prepare images.
Serine Elastase Activity
Lung tissue was snap-frozen in liquid N 2 and stored at 80°C for measurement of serine elastase activity by a previously described method (3, 5) that uses DQ-elastin substrate (no. E12056, EnzChek Elastase Assay Kit; Invitrogen, Camarillo, CA).
Lung Tissue Protein Extraction and Immunoblots
Protein extraction and immunoblot analysis were carried out on lung tissue samples, as previously described (5), to measure lung content of proteins linked to the ECM (tropoelastin, lysyl oxidase, fibrillin-1 and -2, collagen-1) and blood vessels [vascular endothelial (VE)-cadherin, CD-31], and to lung growth [vascular endothelial growth factor (VEGF)-A, platelet-derived growth factor (PDGF)-A, cleaved caspase-3]. With respect to the ECM, we specifically focused on those proteins that are known to play a major role in the synthesis and assembly of elastic fibers in the lung, namely tropoelastin, lysyl oxidase, and the fibrillins (3, 37) , as well as collagen-1, the predominant collagen subtype found in the newborn mouse lung (34) , and collagen-4, the most abundant collagen subtype in the basement membranes of alveoli and pulmonary blood vessels (27) .
The following antibodies were applied for immunoblot protein measurements: tropoelastin, 1:1,000 dilution of a rabbit polyclonal Membranes with applied antibodies were incubated overnight at 4°C, washed three times in a solution containing 0.1% Tween 20 and Tris-buffered saline, and incubated at room temperature for 1 h with a dilute (1:5,000) solution of a secondary antibody (goat anti-rabbit IgG-horseradish peroxidase, no. sc2301; Santa Cruz) conjugated to horseradish peroxidase, followed by three washes. Membranes were stripped and reprobed with a 1:8,000 dilution of rabbit polyclonal anti-␤-actin antibody (no. ab8227; Abcam) and incubated at room temperature for 1 h to provide an internal loading control. Images were detected by chemiluminescence (ECL or ECL ϩ Detection Kit; Amersham Life Science, Piscataway, NJ) and quantified by densitometry using a Gel Documentation System (Bio-Rad, Hercules, CA). All immunoblot analyses compared two sets of lung tissue protein extracts (Eln ϩ/ϩ vs. Eln ϩ/Ϫ or no MV vs. MV) run simultaneously on the same membrane.
Urinary Desmosine
Cumulative 24-h urine specimens were frozen for later radioimmunoassay measurements of desmosine and colorimetric assay for creatinine, as previously described (33) .
Quantification of Pulmonary Arterioles and Capillaries
Lung tissue sections, prepared as described above, were processed for detection of the endothelial cell marker CD-31 by application of the primary antibody, rat anti-mouse CD-31 (1:100; Dianova). Immune complexes were visualized using the Vectastain Kit (Vector Laboratories, Burlingame, CA), with application of the relevant peroxidase-coupled secondary antibody. We used a modification of a previously described immunohistochemical and morphometric technique (2, 25) to assess the number of pulmonary arterioles (20 -100 m diameter) per 100 alveoli counted in ten ϫ200 microscopic fields of distal lung per animal. To quantify pulmonary microvessels, including capillaries, we used a similar approach to assess the number of CD-31-stained microvessels (Ͻ20 m diameter) per 100 alveoli counted in 10 ϫ400 microscopic fields of distal lung per animal. For quantification of microvessels, including capillaries, we counted all vessels that displayed a lumen, whether their shape was circular or oval.
Quantification of Medial Smooth Muscle Thickness in Pulmonary Arterioles
Lung tissue sections, prepared as described above, were processed for detection of ␣-smooth muscle (SM) actin to assess the degree of muscularization of pulmonary arterioles as an index of vascular remodeling typically associated with pulmonary hypertension. Epitope retrieval was performed by boiling the sections in citrate buffer, pH 6.0 for 20 min, followed by blocking endogenous peroxidase with hydrogen peroxide, then washing and stabilization with Sea Block (Thermo Fisher Scientific, Rockford, IL). Sections were incubated with the primary antibody against ␣-SM actin (no. A2547, 1:500; Sigma-Aldrich, St. Louis, MO) for 20 min at room temperature. After streptavidin-biotin amplification (Dako, Carpenteria, CA), slides were incubated with DAB and counterstained with hematoxylin. All muscularized and partially muscularized (75% surrounding muscle) vessels in a section were assessed for circularity using perpendicular vessel diameters that intersected through the center of the vessel. Arterioles were included in the analysis provided that the difference in the length of the intersecting perpendicular lines was Յ10%. Noncircular vessels were not included in the analysis to avoid oblique planes of section that could introduce bias due to uneven smooth muscle profiles. Circular arterioles were assessed for smooth muscle thickness and vessel diameter at ϫ400 magnification using the Bioquant image analysis system. Smooth muscle thickness was measured at two opposite points of the vessel wall and was related to the vessel diameter as a percentage according to the formula, 2 ϫ mean smooth muscle thickness/vessel diameter ϫ 100 ϭ %SM thickness. Image analysis was performed on all ϫ400 fields in two random tissue sections per animal.
Statistical Analysis
Data in the text, 
RESULTS
Baseline Conditions (No MV)
ECM proteins in lung. Lungs of Eln ϩ/Ϫ neonatal mice, when compared with those of Eln ϩ/ϩ pups, displayed a 50% reduction in tropoelastin protein, as expected (Fig. 1, A-C) . Elastin was especially prominent at sites of sprouting secondary septa in Eln ϩ/ϩ pups, in marked contrast to the attenuated elastic fibers noted in secondary septa of Eln ϩ/Ϫ pups (Fig. 1D) . , a ϳ50% reduction of tropoelastin protein content, by histochemical analysis of Hart's stained tissue sections (ϫ400; arrows point to elastin at septal tips) (B), and an ϳ50% reduction of elastin surface density (C). Summary data, means and SD; n ϭ 5-6/group; *significant difference, P Ͻ 0.05. D: confocal microscopy of lung tissue sections (ϫ400) prepared for immunofluorescence imaging of elastin (green) show thinner and less abundant elastic fibers at sites of sprouting secondary septa (arrows) in lungs of Eln ϩ/Ϫ compared with Eln ϩ/ϩ pups.
Diminished lung elastin was associated with a twofold increase in collagen-1 ( Fig. 2A ) and lysyl oxidase (Fig. 2B) proteins. Lung abundance of fibrillin-1 protein was similar in wild-type and mutant mice (Fig. 2C) , whereas fibrillin-2 protein was ϳ30% less in the Eln ϩ/Ϫ pups (Fig. 2D ). Collagen-1 was distributed in the walls of distal alveoli and was also prominent around lung blood vessels, especially in the Eln ϩ/Ϫ mice (Fig.   2E ). (Fig. 3B) , Eln ϩ/Ϫ pups had significantly fewer microvessels, including lung capillaries (Ͻ20/100 m)/alveoli than did Eln ϩ/ϩ pups (Fig. 3, C and D) . This prompted us to determine if the modest (Ͻ10%) difference in the number of lung microvessels could have initiated vascular remodeling reflective of increased pulmonary arterial pressure in the Eln ϩ/Ϫ mice. Medial smooth muscle thickness, however, was less in the pulmonary arterioles of Eln ϩ/Ϫ pups than it was in Eln littermates (Fig. 3E) , indicating that pulmonary arterial hypertension (PAH), as reported in adult Eln ϩ/Ϫ mice (30), appears to evolve developmentally beyond the newborn period. Despite the apparent differences in lung microvasculature of wild-type vs. mutant mice, morphometric analysis showed no significant structural differences between Eln ϩ/ϩ and Eln ϩ/Ϫ pups with respect to alveolar area (Fig. 4, A and B) and number (Fig. 4C) .
Functional assessment of respiratory system elastance. Dynamic respiratory system elastance, expressed as ⌬pressure/ ⌬volume relative to body weight, was significantly less in Eln ϩ/Ϫ (1.14 Ϯ 0.12 cmH 2 O·l Ϫ1 ·g body wt Ϫ1 ) than in Eln ϩ/ϩ (1.44 Ϯ 0.13 cmH 2 O·l Ϫ1 ·g body wt Ϫ1 ) mice (Fig. 5 ). This diminished elastance is the expected functional correlate of the decreased elastic fiber deposition noted in the secondary septa and alveolar walls of the Eln ϩ/Ϫ lungs (Fig. 1, B and C) .
Effects of MV
ECM proteins in lung. MV for 24 h caused a significant increase of tropoelastin protein in lungs of Eln ϩ/ϩ mice (Fig.  6A) . This increased production of tropoelastin was accompanied by a significant increase of serine elastase activity in the lungs of the wild-type pups (Fig. 7A ), which in turn was associated with a significant increase of urinary desmosine (Fig. 7C) , a biomarker of elastin degradation. In contrast, MV yielded a 50% reduction of tropoelastin protein in the lungs of Eln ϩ/Ϫ pups (Fig. 6B) , without a significant change of either lung elastase activity (Fig. 7B) or urinary desmosine excretion (Fig. 7D) . Consistent with previous observations (3, 25) , MV caused redistribution of elastic fibers from septal tips (Fig. 1B) to alveolar walls (Fig. 7E) , with less elastin surface density in the lungs of Eln ϩ/Ϫ pups compared with Eln ϩ/ϩ pups (Fig. 7F ).
MV for 24 h yielded no significant change of collagen-1 protein abundance in lungs of either Eln ϩ/ϩ or Eln ϩ/Ϫ mice (Fig. 8, A and  B) ; there was a trend toward greater lung content of collagen-1 in Eln ϩ/Ϫ than in Eln ϩ/ϩ mice after MV, but this difference was not statistically significant (P Ͼ 0.05). Likewise, there was no signif- icant change in lung content of lysyl oxidase protein in response to MV in either Eln ϩ/ϩ or Eln ϩ/Ϫ pups, although there was a downward trend in both groups (Fig. 8, C and D) . Fibrillin-1 protein, however, increased in the lungs of both Eln ϩ/ϩ and Eln ϩ/Ϫ mice after 24 h of MV, with a significantly greater increase observed in the lungs of mutants compared with wildtype pups (Fig. 8, E and F) . For fibrillin-2, the patterns of response to MV differed between the two groups: lung content of fibrillin-2 decreased with MV in Eln ϩ/ϩ mice, whereas it increased in the Eln ϩ/Ϫ pups (Fig. 8, G and H) .
Growth factors related to apoptosis and failed alveolar septation. Because prolonged MV has been reported to disrupt VEGF and PDGF signaling in lungs of newborn mice, which is linked to increased apoptosis and lung growth arrest (4, 25), we measured lung abundance of VEGF-A (Fig. 9, A and B) and PDGF-A (Fig. 9, C and D) proteins and found that these critical growth factors were decreased in both Eln ϩ/ϩ and Eln ϩ/Ϫ mice after MV for 24 h. Consistent with previous reports, these changes in VEGF-A and PDGF-A protein abundance were associated with a 5-to 10-fold increase of cleaved caspase-3 protein in the lungs of wild-type and mutant pups (Fig. 9 , E and F), reflecting increased apoptosis in both groups. Lung microvessels and alveoli. MV reduced lung abundance of the endothelial markers VE-cadherin (Fig. 10, A and B) and CD-31 (Fig. 10, C and D) proteins to a similar degree in Eln ϩ/ϩ and Eln ϩ/Ϫ mice. Quantitative image analysis of pulmonary arterioles (20 -100 m diameter) and microvessels (Ͻ20 m), which were predominantly capillaries, showed no significant differences between Eln ϩ/ϩ and Eln ϩ/Ϫ mice after 24 h of MV (Fig. 10, E and F) . For both groups of mice, however, the number of lung microvessels, including capillaries, expressed per 100 alveoli was significantly less after MV than it was in unventilated pups (Fig. 3C) , indicating that MV leads to capillary loss in both wild-type and mutant newborn mice. Likewise, MV of both Eln ϩ/ϩ and Eln ϩ/Ϫ pups, compared with their respective unventilated controls, yielded similar lung structural changes (Fig. 11A) , shown as increased alveolar size (Fig. 11B ) and diminished alveolar number (radial alveolar counts; Fig. 11C ).
Functional assessment of respiratory system elastance. In response to MV, dynamic respiratory system elastance, expressed as ⌬pressure/⌬volume relative to body weight, was similar in Eln ϩ/Ϫ and Eln ϩ/ϩ mice ( Fig. 12; ·g body wt Ϫ1 ). Whereas there was no apparent change of elastance RS in the wild-type pups after 8 h of MV, the increased elastance RS observed in mechanically ventilated compared with unventilated Eln ϩ/Ϫ pups (Fig. 5) is indicative of increased lung stiffness associated with MV, apparently accentuated by elastin deficiency and elastic fiber redistribution from the septal tips to the alveolar walls.
DISCUSSION
The first aim of this study was to define the newborn lung phenotype associated with elastin haploinsufficiency, focusing on differences in ECM composition and its impact on lung structure and function, and on the pulmonary microvasculature of neonatal mice. Here we show that mutant pups lacking a single allele of the elastin gene exhibit a twofold increase in lung content of collagen-1 and lysyl oxidase proteins compared with wild-type pups, with no detectable difference in alveolar size or number. As expected, assessment of respiratory system elastance was significantly less in elastin-deficient newborns than it was in the wild-type pups, suggesting that the 50% reduction of lung elastin coupled with the twofold increase in collagen-1 yielded significant impairment of respiratory function in the Eln ϩ/Ϫ pups. Because lung microvessels are considered a central link to alveolar formation and lung growth, we were surprised to find that the number of pulmonary microvessels, including capillaries, was significantly lower in Eln ϩ/Ϫ than in Eln ϩ/ϩ mice, whereas alveolar size and number were similar, irrespective of differences in lung elastin. This raises the interesting notion that differences in the mechanical properties of the lung, related to elastin deficiency, and perhaps to increased collagen-1, adversely impact angiogenesis while sparing alveolar formation in the developing lung. (31), who reported identical alveolar size in 3-mo-old mice with elastin haploinsufficiency compared with wild-type mice of the same age. Although lung content of collagen-1 was not measured in these adult mice, lung content of total collagen, assessed by measurement of hydroxyproline per gram lung weight, was similar in the mutant and wild-type animals. In a subsequent study (30) , the same investigators showed that adult mice with elastin deficiency had significantly increased right ventricular pressures and right ventricular hypertrophy, with remodeling of their lung vasculature. Pulmonary arterioles of the Eln ϩ/Ϫ mice showed increased medial smooth muscle, and there were fewer 15-to 50-m arterioles noted in the lungs of the mutants compared with the wild-type adult mice. Interestingly, the impact of reduced numbers of pulmonary arterioles as a possible contributor to PAH was not addressed in that report. Our finding of fewer lung microvessels, including capillaries, in Eln ϩ/Ϫ neonatal pups supports speculation that defective angiogenesis linked to reduced elastin may contribute to the development of PAH reported in adult mice with elastin haploinsufficiency (8, 30, 38 ).
The prominent role of the ECM in regulating formation of alveoli and microvessels in the developing lung is well recognized (14, 23) . A number of recent reports have highlighted the importance of ECM protein composition and associated tissue stiffness in regulating postnatal development of the lung and its vasculature (20, 21, 26, 40) . Our finding of reduced lung elastance associated with diminished numbers of pulmonary microvessels in neonatal mice bearing a single allele of the elastin gene is consistent with the previous report that mechanical signals conveyed by variations in ECM elasticity can impact VEGF signaling and thereby alter vascular development (20) .
The second aim of this study was to assess lung molecular, structural, and functional responses to injury imposed by prolonged cyclic stretch in neonatal Eln ϩ/ϩ vs. Eln ϩ/Ϫ mice. In earlier studies we showed that MV of newborn mice for 24 h uncoupled synthesis and assembly of elastin and increased lung cell apoptosis, resulting in impaired alveolarization and lung growth arrest (3) . Based on prior reports that Eln ϩ/Ϫ mice, compared with wild-type controls, acquired more severe emphysema when exposed to cigarette smoke (31), and exhibited abnormal lung growth in response to partial pneumonectomy (32), we surmised that MV would inhibit lung growth and impair lung function to a greater degree in Eln ϩ/Ϫ neonatal mice than in their Eln ϩ/ϩ littermates. We therefore were surprised to discover that MV yielded a similar increase of alveolar size and decrease of alveolar number, indicative of lung growth arrest, and similar evidence of respiratory system malfunction in Eln ϩ/ϩ and Eln ϩ/Ϫ pups. What might account for this unexpected outcome?
To address this question, we examined the impact of MV on various components of the ECM and on growth factors that are known to regulate alveolar septation and lung growth during postnatal development. Here we focused particularly on elastin, which together with microfibrils constitutes the major component of mature elastic fibers (37) . Because microfibrils play an important role in elastic fiber assembly, we also examined the effects of MV on the amount and distribution of fibrillins, which are the major structural elements of microfibrils.
We first discovered that, in response to MV for 24 h, lung content of tropoelastin, the monomeric secreted form of elastin, increased in Eln ϩ/ϩ pups but decreased in their Eln ϩ/Ϫ littermates. We wondered if this might reflect a difference in lung elastase activity that has been linked to MV of newborn mice (10, 11) . We indeed found that MV increased serine elastase activity in the lungs of Eln ϩ/ϩ mice but not in the Eln
mutants. This result might be attributed to more elastin substrate in the Eln ϩ/ϩ mice, allowing for greater degradation of lung elastin, which in turn can trigger synthesis of new elastin. There was little or no inflammation noted in the lungs of either Eln ϩ/ϩ or Eln ϩ/Ϫ mice (data not shown), which might account for differences in elastase activity elicited by MV. It is possible, however, that inherent or evoked differences of ECM composition in the Eln ϩ/Ϫ lungs somehow prevent activation of elastase and resultant elastin degradation, thereby contributing to the increased respiratory system elastance observed in the mutant lungs exposed to MV.
In response to MV, the wild-type pups exhibited increased tropoelastin production without a corresponding increase of lysyl oxidases or fibrillin-2, ECM proteins that play an important role in elastin assembly. The resultant uncoupling of elastin synthesis and assembly during MV leads to the production of poorly formed elastic fibers that are ill-suited to serve as and Eln ϩ/Ϫ mice after MV for 24 h. F: quantification of smaller microvessels (Ͻ20 m diameter)/100 alveoli, which were mainly capillaries (expressed as capillary surface density), was less after MV in both Eln ϩ/ϩ and Eln ϩ/Ϫ pups compared with unventilated Eln ϩ/ϩ and Eln ϩ/Ϫ controls, as depicted in Fig. 3C . Summary data, means Ϯ SD; *significant difference, P Ͻ 0.05. For E and F, n ϭ 6/group; § significant difference, MV vs. no MV (Fig. 3C) , P Ͻ 0.05.
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LUNG PHENOTYPE OF MECHANICALLY VENTILATED Eln ϩ/Ϫ NEWBORN MICE an effective scaffold for normal alveolarization (3, 5) , thereby causing lung growth arrest. Eln ϩ/Ϫ mice, with accentuated elastin deficiency in response to MV, likewise exhibited impaired lung growth and dysfunction, similar to that seen in Eln ϩ/ϩ mice. MV led to increased lung content of both fibrillin-1 and fibrillin-2 in Eln ϩ/Ϫ mice such that both proteins were significantly more abundant in the lungs of mutants compared with wild-type pups after 24 h of MV. Fibrillins provide a critical scaffold to which secreted elastin binds to form the structural framework of elastic fibers that enable expansion and contraction of alveoli, pulsation of blood vessels, and elastic recoil of the surrounding matrix. Because fibrillins are the predominant protein constituent of microfibrils, their upregulation in mechanically ventilated Eln ϩ/Ϫ mice may help compensate for the reduced abundance of elastin noted in the lungs of mutant pups after MV, and thereby account for the similarities in lung structure and function observed in mechanically ventilated Eln ϩ/ϩ and Eln ϩ/Ϫ pups. Increased abundance of fibrillins, however, without a corresponding increase of tropoelastin and lysyl oxidase in the lungs of Eln ϩ/Ϫ pups, might help explain the increased respiratory system elastance (i.e., reduced compliance) seen in response to MV of the mutant pups. Fibrillins normally are coexpressed with elastin to form a competent network of elastic fibers in the lung, a linkage that likely is disrupted by the further reduction of tropoelastin exhibited in Eln ϩ/Ϫ pups, but not in Eln ϩ/ϩ littermates, exposed to lengthy MV.
VEGF-A and PDGF-A are growth factors that play a critical role in regulating alveolar septation and postnatal lung growth. As in previous studies of mechanically ventilated newborn mice (4) and preterm lambs with CLD (5), we found that lung abundance of VEGF-A and PDGF-A was reduced in both wild-type and elastin-deficient pups after MV for 24 h. In the earlier studies, the newborn animals received MV with O 2 -rich gas, whereas in this study MV was applied with air, suggesting that mechanical force, rather than increased oxygen, is responsible for suppressing these two key growth factors, irrespective of lung elastin content.
Our findings of a Ͼ10-fold increase in apoptosis associated with MV is consistent with previous studies showing increased apoptosis of cultured fetal and adult rat lung epithelial cells that were subjected to mechanical stretch for up to 24 h (9, 17). Likewise, previous studies of newborn mice that received MV and Eln ϩ/Ϫ mice showed a 2-to 3-fold increase in alveolar area (B), and a ϳ30% reduction in alveolar number (C), as determined by radial alveolar counts, compared with lungs of unventilated control pups; n ϭ 5-6/group; *significant difference, MV vs. no MV, P Ͻ 0.05.
with air for 24 h displayed a Ͼ10-fold increase in apoptosis, sufficient to account for significant inhibition of lung growth and loss of lung microvessels that was attributed to prolonged cyclic stretch of the developing lung, associated with activation of TGF-␤ (25) . A recent study showed that MV of newborn rats for 24 h increased apoptosis of distal lung epithelial cells, which was attributed to activation of the extrinsic FasL/Fas pathway, resulting in impaired alveolar formation (16) . Here we show that lengthy MV of newborn mice, irrespective of lung elastin content, also induces apoptosis of endothelial cells, resulting in loss of pulmonary microvessels, a finding that has been linked to defective alveolar septation and resultant lung growth arrest (15, 35) .
In contrast to other animal models of neonatal lung injury, this model exhibits little or no inflammatory response to MV, perhaps related to the use of air, rather than extra oxygen, and the relatively modest inflation pressures and tidal volumes that are applied for no more than 24 h. As such, this model offers the advantage of demonstrating the specific effects of moderate cyclic stretch on lung growth and development, without the confounding influence of extreme overinflation, or increased inspired oxygen, or infection, all of which may contribute to inflammation and likely account for much of the apoptosis and lung injury observed in other models, notably those that have applied MV to premature lambs for periods of up to 3 wk (1, 2, 5, 10, 11, 25). This is not intended to be a model of neonatal chronic lung disease, but it provides a useful approach by which to tease out the specific effects of prolonged cyclic stretch on the lungs during early postnatal development. Figure 13 illustrates a proposed model of how MV impacts the lung matrix and microvasculature of Eln ϩ/ϩ and Eln ϩ/Ϫ mice. Under basal conditions, elastic fibers are thinner and reduced in number, collagen-1 is greater, and pulmonary capillaries are fewer in lungs of mutant than of wild-type pups. In response to prolonged MV, lung elastase activity increases and causes degradation of matrix elastin, with an associated increase of fragmented elastic fibers in the lungs of Eln ϩ/ϩ mice. In contrast, lungs of Eln ϩ/Ϫ pups exhibit decreased elastase activity after prolonged MV, with further attenuated elastic fibers bearing increased fibrillin, which is the major constituent of microfibrils in the ECM. Lengthy MV of both Eln ϩ/ϩ and Eln ϩ/Ϫ pups leads to diminished lung abundance of VEGF and PDGF, key growth factors that play a central role in the formation of alveoli and pulmonary microvessels. These changes are linked to increased apoptosis, resulting in defective alveolar septation and loss of lung capillaries, manifest as abnormal lung structure and function.
Taken together, the results of this study help to validate the critical role of the ECM, and more specifically its elastic fiber composition, in regulating development of the pulmonary capillary network, which in turn may contribute to the pulmonary hypertension that has been reported in mice with elastin haploinsufficiency (8, 30, 38) . Moreover, the study underscores the importance of other ECM components, namely collagen and fibrillins, in maintaining the structural and functional integrity of the lungs under baseline conditions and in response to the ϩ/ϩ littermates, bear attenuated elastic fibers and increased collagen-1 that is especially notable around small blood vessels, which feed a reduced number of pulmonary capillaries. Prolonged MV elicits increased lung elastase activity and thereby increases elastin degradation, leading to fragmented elastic fibers in Eln ϩ/ϩ pups. In contrast, MV causes no significant increase of lung elastase activity in Eln ϩ/Ϫ mice, but elastin synthesis is further reduced, whereas fibrillin production is increased in response to MV. Lung abundance of two key growth factors, VEGF and PDGF, is decreased in both Eln ϩ/ϩ and Eln ϩ/Ϫ mice after lengthy MV, and these changes are associated with increased apoptosis that has been linked to prolonged cyclic stretch of epithelial and endothelial cells, as well as lung fibroblasts. Taken together, the adverse effects of lengthy MV yield reduced numbers of lung capillaries, fewer alveoli, and remodeling of the ECM, resulting in diminished lung growth and abnormal lung function.
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ϩ/Ϫ NEWBORN MICE stress of prolonged cyclic stretch when elastin is deficient. The challenge now is to better understand the specific cellular signaling cues and molecular mechanisms by which the ECM directs alveolarization and angiogenesis in the lung during development and during repair after injury.
